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Longevity is associated with increased vascular resistance to high glucose-induced oxidative stress and inflammatory gene expression in Peromyscus leucopus
Americans. Despite recent advances in the biology of aging, the factors determining successful cardiovascular aging are still not completely understood (15, 53, 54) . Mammalian life span ranges 100-fold, and comparative studies (53, 54) on longlived, successfully aging animals can elucidate key cellular mechanisms that may contribute importantly to successful cardiovascular aging. We initiated a series of studies to compare mechanisms related to oxidative stress, oxidative stress resistance, and redox signaling between long-living species and shorter-living ones to test predictions of the oxidative stress theory of aging and to elucidate key mechanisms for delaying cardiovascular aging (12, 14, 30, 53, 54) .
Recently, we introduced Peromyscus leucopus (white-footed mouse) as a study organism in a comparative approach to cardiovascular aging research (14, 53, 54) . The P. leucopus and Mus musculus (house mouse) longevity contrast pair, originally proposed by Sacher and Hart (48) , has several advantages that can be exploited to elucidate mechanisms responsible for phylogenetic differences in mammalian longevity and health span (14, 51, 53, 54) . Both species belong to the superfamily of mouselike rodents (Muroidea) and share a common ancestor 20 -25 million years ago (52) . However, despite its close physical resemblance to M. musculus, P. leucopus has an unusually long life span for its size [maximal life span potential (MLSP): ϳ8.2 yr (48)], which is approximately twice as long as the MLSP of M. musculus.
The oxidative stress theory of aging predicts that if oxidative stress plays a central role in cardiovascular aging, then vascular cells of longer living species should 1) produce less ROS under steady-state conditions (Fig. 1A) , 2) be more protected from environmental or metabolic stress-induced ROS overproduction (14, 53, 54) (Fig. 1B) , 3) exhibit superior resistance to the adverse effects of oxidative stress (Fig. 1C) , and/or 4) exhibit a slower rate of age-related increases in ROS generation (Fig.  1D ) than cells of shorter-living species. Our previous results on P. leucopus vessels thus far agreed with the predictions of the oxidative stress theory of aging. Accordingly, we demonstrated that endothelial cells of P. leucopus exhibit a significantly lower steady-state ROS generation by NAD(P)H oxidases than M. musculus cells (14) . P. leucopus arteries also exhibit superior antioxidant systems and increased nitric oxide (NO) production compared with M. musculus vessels (14) . Endothelial cells of P. leucopus have also been shown to resist oxidized LDL-and/or H 2 O 2 -induced DNA damage and apoptosis (14, 54) .
The present study was specifically designed to test the hypothesis that cells of longer-living P. leucopus are protected from metabolic stress-induced oxidative stress. To test this hypothesis, the effects of high glucose treatment (46) [a condition mimicking diabetic conditions (62) ] on endothelial function, O 2 •Ϫ and H 2 O 2 production, and inflammatory gene expression were compared in cultured arteries and cells of longerliving P. leucopus and shorter-living M. musculus.
METHODS

Animals and tissue collection.
All animal use protocols were approved by the Institutional Animal Care and Use Committee of the University of Texas (San Antonio, TX) and New York Medical College (Valhalla, NY). C57BL/6 laboratory mice (purchased from Charles River Laboratories, Austin, TX; age: 3 mo old, n ϭ 30) and P. leucopus (Peromyscus Genetic Stock Center, Department of Biological Sciences, University of South Carolina, Columbia, SC; age: 3 mo old, n ϭ 30) were used. We compared young adults because that is the age at which health is maximal and degenerative changes due to aging will not yet have occurred. Both 3-mo-old P. leucopus and M. musculus are fully sexually mature young adults and have not endured aging-related changes. In a separate set of experiments to analyze age-dependent changes in endothelial function and vascular ROS generation in P. leucopus, animals at 3, 6, 18, and 24 mo of age were compared (n ϭ 5 animals/group). Species characteristics are shown in Table 1 . Longevity quotients were calculated from the ratio of maximum longevity to the predicted MLSP [based on the allometric equation of Austad and Fisher (5) for nonflying eutherian mammals (predicted longevity ϭ 10.67 ϫ M kg 0.189 )]. Animals were killed, and aortas were carefully exposed and isolated from the surrounding tissues. Vessels were cleaned from the adventitial adipose tissue using an operating microscope and microsurgery instruments.
Organoid culture. Aortic segments of M. musculus and P. leucopus were isolated and maintained in organoid culture as previously described (14, 19, 30, 55, 57) . Vessel segments were treated with high glucose (30 mmol/l) for 24 h (at 37°C). Mannitol was used for osmolarity control. After the culture period, vessels were subjected to subsequent functional experiments or frozen in liquid nitrogen.
Cell culture experiments. Primary M. musculus and P. leucopus fibroblast cell lines were established using the methods of Villegas et al. (61) with modifications. In brief, skin samples were digested with collagenase (at 37°C and 5% CO 2 for 30 min), washed twice with MEM, and then supplemented with 10% FBS (Hyclone). Cells were then plated onto 100-mm dishes with MEM media supplemented with 10% FBS plus penicillin-streptomycin-Fungizone (at 5% CO 2 and 3% O2, balanced with air, at 37°C). After 18 h, media were changed to discard unattached cells. Fibroblasts were subsequently cultured as previously described (14) . To compare oxidative stress in the two cell types, glucose (final concentration: 30 mmol/l, for 24 h) was added to the culture medium. Mannitol was used for osmolarity control.
Measurement of cellular O 2
•Ϫ production. Hydroethidine, an oxidative fluorescent dye, was used to assess O 2
•Ϫ production in situ as we have previously reported (12, 14) . In brief, high glucose-treated and untreated control aortic segments from M. musculus and P. leucopus were incubated with hydroethidine (3 ϫ 10 Ϫ6 mol/l at 37°C for 30 min). Arteries were washed three times, and optical sections of the endothelial layer of en face aortic preparations (n ϭ 5 segments from 5 animals/group) were then obtained using an inverted confocal laser scanning microscope (Zeiss Pascal LSM 5) at ϫ40 magnification with the same settings. Images were analyzed using Zeiss Axionvision imaging software as previously described (14) . Unstained aortas and vessels preincubated with polyethylene glycol (PEG)-SOD were used for background correction and negative control, respectively. In separate experiments for quantitative comparison of vascular O 2
•Ϫ generation, the time course of the build up of ethidium fluorescence in en face preparations of the aorta was recorded for 30 min by a Tecan Infinite M200 plate reader. The slope factor was calculated and normalized to Hoechst 33258 fluorescence representing DNA content per cell mass.
Functional experiments. Endothelial function was assessed as previously described (12, 14, 30) . In brief, aortas were cut into ring segments of 2 mm in length and were maintained in organoid culture with or without high glucose treatment (for 24 h). Segments were then mounted on 40-m stainless steel wires in the myograph chambers (Danish Myo Technology) for measurements of isometric tension. Fig. 1 . Schematic representation of potential strategies by which long-lived, successfully aging animals can delay/limit oxidative stress-induced damage in the cardiovascular system and in other organs. A: lower initial ROS generation at young ages under steady-state conditions, so that it takes longer to reach the critical threshold even at the same rate of aging. B: lower ROS generation in response to metabolic stress (and other stressors). C: increased tolerance for increases in ROS production. D: slower rate of age-related increases in ROS generation (increasing the time to reach a threshold beyond which oxidative damage significantly impairs cellular function). Long-lived animals may use a combination of all of these strategies. Nonlinear/exponential characteristics of age-related ROS increases are based on O 2
•Ϫ production in rodent blood vessels (12) as well as on DNA oxidation in the liver, brain, kidney, heart, and skeletal muscle of the same strain (25). Measurement of cellular H2O2 production. The cell-permeant oxidative fluorescent indicator dye 5 (and 6)-chloromethyl-2Ј,7Ј-dichlorodihydrofluorescein diacetate acetyl ester (C-H2DCFDA; Invitrogen, Carlsbad, CA) was used to assess H2O2 production (34) in high glucose-treated and untreated control aortas as we have previously reported (12, 14, 30) . Unstained aortas and vessels preincubated with PEG-catalase were used for background correction and negative control, respectively. Mannitol was used for osmotic control. The endothelial surface of en face aortic preparations was imaged using fluorescent microscopy as previously reported (14, 56) .
In separate experiments, the time course of the build up of C-H 2DCFDA fluorescence in en face preparations of the aorta was recorded for 30 min by a Tecan Infinite M200 plate reader. The multi-spot detection/bottom reading feature of the plate reader was used to collect the fluorescence signal from the entire well. The slope factor was calculated and normalized to Hoechst 33258 fluorescence representing DNA content per cell mass.
In separate experiments, H2O2 production was measured fluorometrically in aortic segments using the Amplex red/horseradish peroxidase (HRP) assay as previously described (14) . The H2O2 generation rate was compared by measuring the time course of the build up of resorufin fluorescence for 60 min by a Tecan Infinite M200 plate reader. Controls included measurements of tissue autofluorescence, time course measurements of dye-only controls, PEG-catalase controls, and obtaining calibration curves with exogenous H2O2.
In other experiments, primary fibroblasts (after passage 4) were cultured as previously described (14) in the presence or absence of high glucose (30 mM for 24 h; mannitol was used for osmotic control). After the culture period, cells were washed three times, and cellular ROS production was assessed using dihydroethidine (DHE) and C-H2DCFDA fluorescent methods, respectively (55) . The time course of the build up in dichlorofluorescein (DCF) fluorescence was assessed by a Tecan Infinite M200 plate reader. The slope factor was calculated and normalized to Hoechst 33258 fluorescence representing DNA content (number of cells).
Measurement of mitochondrial ROS production. MitoSox (Invitrogen), a mitochondrion-specific hydroethidine-derivative fluorescent dye (14, 39) , was used to assess mitochondrial O 2
•Ϫ production in situ using en face aortic preparations as previously reported (14, 57) . In brief, high glucose-treated and untreated control aortic segments from M. musculus and P. leucopus were incubated with MitoSox (10 Ϫ6 mol/l at 37°C), and the time course of the build up of the fluorescent signal was recorded by a Tecan Infinite M200 plate reader. The slope factor was calculated and normalized to Hoechst 33258 fluorescence representing DNA content per cell mass. FCCP (10 Ϫ6 mol/l) was used to uncouple mitochondria (57) to eliminate the MitoSox signal. Mannitol was used for osmotic control.
In further experiments, mitochondrial O 2 •Ϫ production was assessed in high glucose (15 and 30 mmol/l)-treated and untreated control cultured M. musculus and P. leucopus fibroblasts by flow cytometry (FAScalibur, BD Bioscience, San Jose, CA) using MitoSOX red as previously reported (38, 39) . Cell debris (low forward and side scatter), dead cells (Sytox green and annexin V positive), and apoptotic cells (annexin V positive) were gated out for analysis (38, 39) . Data are presented as fold changes in the mean intensity of MitoSOX fluorescence compared with the untreated control. Confocal images of MitoSox-loaded cells were obtained to show the perinuclear localization of the stained mitochondria.
Quantitative real-time PCR. The effect of high glucose treatment (30 mmol/l for 24 h) on the expression of TNF-␣, IL-6, ICAM-1, VCAM, and monocyte chemoattractant protein (MCP)-1 was also analyzed in cultured aortic segments of M. musculus and P. leucopus as previously reported (16, 17) . In brief, total RNA from aortic segments was isolated with the Mini RNA Isolation Kit (Zymo Research, Orange, CA) and was reverse transcribed using Superscript III reverse transcriptase (Invitrogen) as previously described (16, 17) . Real-time RT-PCR techniques were used to analyze mRNA expression using the Strategen MX3000 as previously reported (16) . We used VISTA (http://www-gsd.lbl.gov/vista), a tool for comparative sequence analysis (23) , to identify evolutionarily conserved regions of the mouse target genes for the design of the primers. The efficiency of the PCR was determined using dilution series of a standard vascular sample. The fidelity of the PCR was determined by melting temperature analysis and visualization of products on a 2% agarose gel. Quantification was performed using the ⌬⌬C T method, where CT is the threshold cycle. The housekeeping gene hypoxanthine phosphoribosyl transferase and ␤-actin were used for internal normalizations.
Data analysis. Data were normalized to the respective control mean values and are expressed as means Ϯ SD or SE. Statistical analyses of data were performed by Student's t-test or by two-way ANOVA followed by the Tukey post hoc test, as appropriate. P Ͻ 0.05 was considered statistically significant.
RESULTS
Resistance to high glucose-induced O 2
•Ϫ production in P. leucopus arteries. DHE staining experiments in en face aortic preparations were performed to measure endothelial O 2
•Ϫ production. Representative confocal images showing ethidium bromide staining in endothelial cells of aortas from M. musculus and P. leucopus are shown in Fig. 2 , A-D, whereas summary data for cellular ethidium fluorescence intensities are shown in Fig. 2E . We found that after overnight culture, M. musculus endothelial cells exhibited more pronounced steadystate O 2
•Ϫ generation compared with P. leucopus cells (Fig.  2E) . High glucose treatment (30 mM for 24 h) substantially increased ethidium staining in M. musculus endothelial cells (Fig. 2, B and E), whereas P. leucopus cells were more resistant to high glucose-induced oxidative stress (Fig. 2, D and E) . The DHE signal was attenuated by pretreatment with PEG-SOD, showing the relative specificity of the assays for O 2 •Ϫ (Fig. 2F ). Resistance to high glucose-induced endothelial dysfunction in P. leucopus vessels. We found that high glucose treatment elicited significant vasodilator dysfunction in M. musculus aortas, as shown by the impaired vasorelaxation response to ACh (Fig. 3A) . In contrast, endothelium-dependent responses were preserved in high glucose-treated vessels of P. leucopus (Fig. 3B) . Incubation with PEG-SOD significantly increased ACh-induced relaxation in high glucose-treated M. musculus aortas, whereas it had only minor effects on responses of high glucose-treated P. leucopus vessels. Endothelium-independent relaxations to the NO donor SNAP (Fig. 3C ) and to 8-BrcGMP (data not shown) were unaffected by high glucose treatment in both species.
Resistance to high glucose-induced H 2 O 2 production in P. leucopus arteries. Vascular H 2 O 2 generation was first measured by the DCF fluorescence method. We found that endothelial cells in vessels of M. musculus produced more H 2 O 2 than vessels of P. leucopus (Fig. 4, A, C , and E) under steady state-conditions. We also found that high glucose treatment substantially increased DCF staining in M. musculus vessels (Fig. 4 , B and E), whereas P. leucopus cells were more resistant to high glucose-induced oxidative stress (Fig. 4, D and E) . Results similar to these were obtained using the Amplex red/HRP assay (Fig. 4F ). DCF and Amplex red/HRP signals were attenuated by pretreatment with PEG-catalase and substantially increased by the administration of H 2 O 2 , showing the relative specificity of the assays for H 2 O 2 (Fig. 4G) .
Resistance to high glucose-induced ROS production in P. leucopus fibroblasts. We also compared H 2 O 2 production in cultured primary fibroblasts using the DCF fluorescence method. We found that M. musculus fibroblasts produced more H 2 O 2 than vessels of P. leucopus (Fig. 5, A and E) under steady state-conditions. Treatment with high glucose also significantly increased H 2 O 2 production (as indicated by the increased DCF fluorescence; Fig. 5 , B and E) in M. musculus fibroblasts. In contrast, high glucose treatment elicited significantly less oxidative stress in P. leucopus cells (Fig. 5, D and E) .
Resistance to high glucose-induced mitochondrial ROS production in P. leucopus cells. A series of experiments (Fig. 6 ) was conducted to examine the production of ROS by mitochondria. In en face preparations of M. musculus aortas, there was greater steady-state mitochondrial ROS production than in P. leucopus aortas (Fig. 6A) . Compared with untreated controls, high glucose treatment elicited substantial increases in MitoSox fluorescence in M. musculus aortas, whereas high glucose-induced increases in mitochondrial ROS generation were significantly lower in P. leucopus vessels (Fig. 6A) . Similar results were obtained when MitoSox fluorescence was compared in primary fibroblasts (Fig. 6, B-D) . Representative fluorescent images are shown in Fig. 6 , B and C. Cellular MitoSox fluorescence intensities were compared using flow cytometry (Fig. 6D) . We found that primary M. musculus fibroblasts exhibited stronger perinuclear MitoSox staining (Fig. 6D) than P. leucopus fibroblasts (Fig. 6D) . Compared with untreated controls, high glucose treatment elicited substantial increases in MitoSox fluorescence in M. musculus fibroblasts, whereas high glucose-induced increases in mitochondrial ROS generation were significantly lower in P. leucopus fibroblasts (Fig. 6, B-D Resistance to high glucose-induced inflammatory gene expression in P. leucopus vessels. We assessed high glucoseinduced inflammatory gene expression in M. musculus and P. leucopus aortas by analyzing mRNA expression of TNF-␣, IL-6, ICAM-1, VCAM, and MCP-1. In cultured aortic segments isolated from M. musculus (Fig. 7A) , high glucose treatment (30 mM for 24 h) elicited significant increases in the mRNA expression of TNF-␣, IL-6, ICAM-1, VCAM, and MCP-1. In contrast, high glucose treatment marginally induced these inflammatory markers in cultured aortas of P. leucopus (Fig. 7B) , but the trends were not statistically significant.
Age-related changes in endothelial function and ROS production in P. leucopus vessels. Vessel relaxation responses induced by ACh (Fig. 8, A and B) and vascular production of ROS (as determined by DHE staining; Fig. 8B ) were similar in 3-, 6-, 18-, and 24-mo-old P. leucopus. Figure 8B shows the maximal relaxations to ACh in P. leucopus and M. musculus as a function of chronological age. M. musculus arteries showed a marked decline in induced maximal vessel relaxation and a significant increase in ROS production during the same time period.
DISCUSSION
Three following key observations were made in this study, namely, in arteries of P. leucopus compared with those of M. musculus: 1) ROS production occurs at a lower steady-state rate and is independent of interspecies differences in circulating factors, 2) metabolic stress-induced total cellular ROS production and mitochondrial oxidative stress are significantly attenuated, and 3) high glucose treatment elicits a blunted inflammatory gene expression profile.
There is increasing evidence supporting an important role for oxidative stress in the aging process (8) . According to the free radical theory of aging, the age-related progressive decline in cellular function is caused by the adverse effects of oxygen free radicals (8, 26) . Indeed, in nonvertebrate model organisms under laboratory conditions, overexpression of antioxidant enzymes and/or treatment with antioxidants can extend life span (49) . There is also solid evidence that aging in mammals is associated with significant oxidative stress and oxidative macromolecular damage in virtually every tissue studied (8, 25, 58, 60 ). Yet, the role of oxidative stress in determining the mammalian life span is not completely understood (8, 36, 44, 50, 59) . Although there are reports suggesting that the overexpression of catalase increases life span in mice (63) , in other studies, transgenic mice overexpressing antioxidant enzymes involved in the scavenging of ROS do not exhibit a longevity phenotype (37) . In contrast, the concept that oxidative stress is involved in age-related cardiovascular diseases (including atherosclerosis and hypertension) appears robust. Previous studies by these and other laboratories have shown that vascular aging is characterized by increased ROS production in endothelial and smooth muscle cells (for recent reviews, see Refs. 15 and 53), which decreases the bioavailability of the vasodilator and antiapoptotic NO, increases cardiac oxygen demand (1), and promotes vascular inflammation (13, (17) (18) (19) , at least in part, by inducing NF-B (57). Oxidative stress-induced vascular inflammation is considered a critical initial step in the development of atherosclerosis in aging.
The oxidative stress theory of aging predicts that vascular cells of longer-living species produce less ROS than those of shorter-living ones. Using the M. musculus-P. leucopus longevity contrast pair, we demonstrated that freshly isolated vessels from longer-living P. leucopus exhibit lower steadystate levels of ROS production than vessels of shorter-living M. musculus (14) . However, the question remained as to whether this difference is intrinsic to the cellular mechanisms of ROS homeostasis or due to differences in plasma levels of smallmolecular-weight antioxidants and/or hormones that are known to regulate vascular ROS generation (e.g., IGF-1 or insulin). To address this question, we first compared cellular ROS production in isolated aortic segments maintained in organoid culture. The present study clearly demonstrated that differences in O 2
•Ϫ and H 2 O 2 generation in P. leucopus and M. musculus vessels are retained in organoid culture conditions (Figs. 2 and 4 , respectively). To further substantiate our findings and exclude the possibility that serum factors result in phenotypic changes that are not readily reversible in relatively short-term organoid culture, we also compared ROS homeostasis in primary fibroblast cultures. The finding that significantly lower steady-state ROS generation was observed in primary P. leucopus fibroblasts compared with M. musculus cells (Fig. 5) provided strong evidence that serum factors (e.g., differences in IGF-1 or insulin levels) do not likely contribute significantly to the attenuation of steady-state cellular ROS production in P. leucopus. It is possible that some of the mechanisms of cellular ROS homeostasis may differ among fibroblasts and vascular endothelial and smooth muscle cells (e.g., the expression profile of NADPH oxidases); thus, there is a clear need for conducting future mechanistic studies on primary endothelial and smooth muscle cell lines from both species.
To test the hypothesis that tissues of longer-living species are more resistant to metabolic stress-related oxidative stress, we exposed isolated arteries and cultured cells of P. leucopus to high glucose concentrations. We chose high glucose treatment as a metabolic stressor because hyperglycemia plays a central role in accelerated vascular aging in diabetes mellitus, as shown by the prevention or retardation of the development of vascular diseases by strict metabolic control (40) . The harmful vascular effects of hyperglycemia have been attributed to, at least in part, increased oxidative stress (41). Our second major observation is that cellular O 2
•Ϫ levels and H 2 O 2 generation induced by high glucose are blunted in arteries of P. leucopus (Figs. 2E and 4E , respectively) compared with those of M. musculus. In this regard, it is also noteworthy that endothelial function in high glucose-treated P. leucopus arteries is preserved (Fig. 3B) , whereas metabolic stress caused significant endothelial dysfunction in M. musculus vessels (Fig.  3A) . This marked resistance to metabolic stress-induced ROS generation is not characteristic to vascular endothelial and smooth muscle cells, because experiments in cultured P. leucopus fibroblasts yielded identical results (Fig. 5) . Previous studies (42, 47) have suggested that adventitial fibroblasts play important roles in vascular oxidative stress. Thus, the attenuated ROS generation in fibroblasts of long-lived species may have pathophysiological relevance.
Enhanced glucose flux through glycolysis results in the increased generation of pyruvate, which shuttles into the mitochondria for subsequent oxidation through the tricarboxylic acid cycle, generating NADH (9, 21) . This, in turn, causes accelerated electron flow through the respiratory chain, which may increase mitochondrial O 2
•Ϫ production (9, 21, 38, 39, 46) . The mitochondrial hypothesis of aging predicts that if mitochondrial ROS production is a determinant in the rate of aging, then mitochondria of long-lived animals should produce less ROS. Our data support this premise in that steady-state mitochondrial ROS generation was significantly lower in intact P. leucopus arteries (Fig. 6A) and fibroblasts (Fig. 6, D and F) than in those of M. musculus (Fig. 6, A, B, and F) , extending previous findings (14, 54) . Moreover, we and others have demonstrated that the rate of ROS production in cardiac mitochondria isolated from P. leucopus is substantially less than those isolated from M. musculus (10, 14, 51, 54) . Conclusions similar to these were reached by studies demonstrating lower ROS production in mitochondria isolated from the heart of other long-lived small mammals, including the small brown bat [Myotis lucifugus, life span: 34 yr (10, 31)] and the naked mole rat [Heterocephalus glaber, life span: Ͼ28 yr (31)], as well as avian species [canary, life span: 24 yr (27); parakeet, life span: 21 yr (27); and pigeon, life span: 35 yr (7, 28, 29) ]. The present study clearly demonstrates that in M. musculus arteries (Fig.  6A) and fibroblasts (Fig. 6, C and D) , high glucose treatment substantial increases mitochondrial ROS generation, whereas P. leucopus arteries (Fig. 6A) and fibroblasts (Fig. 6, C and D) exhibited a marked resistance against the prooxidant effects of metabolic stress. A previous study (14) has showm that vascular endothelial cells of P. leucopus are also resistant to the proapoptotic effects of high glucose. These studies also corroborate with our findings that isolated P. leucopus mitochondria exhibit superior resistance to oxidative stress compared with M. musculus mitochondria (54) . Thus, it is reasonable to hypothesize that cellular resistance to metabolic stress-induced mitochondrial oxidative stress will protect cellular viability in longer-living species.
At present, the mechanisms underlying the differences in mitochondrial ROS production between shorter-living and long-lived species are not well understood (31) (32) (33) and may include, among others, differences in the efficiency of the electron transport chain, uncoupling proteins, mitochondrial membrane composition, mitochondrial thiol redox state, amounts of coenzyme Q associated with mitochondrial membrane proteins, and differential regulation of the entry of electrons into the cytochrome chain, especially at the level of the dehydrogenase site of complex I. Current evidence also supports that mitochondrial ROS production is determined by the number of mitochondria within the cell (6) . Mitochondrial biogenesis is a tightly controlled process (56), and we have recently provided evidence that mitochondrial content declines with age in vascular endothelial and smooth muscle cells (56) . Importantly, the induction of mitochondrial biogenesis in calorie-restricted animals is also associated with decreases in mitochondrial ROS production (35) . Factors that are known to regulate mitochondrial biogenesis and thus mitochondrial ROS include sirtuin 1, peroxisome proliferator-activated receptor-␥ coactivator-1␣, and NO (56) . To date, it is unclear how cellular processes involved in mitochondrial biogenesis differ between short-lived and long-lived species. We know that NO bioavailability is higher in P. leucopus than in M. musculus (14) ; however, whether this results in a higher number of mitochondria in P. leucopus cells is unknown. Interestingly, tissue oxygen consumption in the cardiac muscle is significantly higher in P. leucopus than in M. musculus (14) , which may be an indicator of increased mitochondrial mass.
Although the interspecies differences in metabolic stressinduced mitochondrial ROS production likely contribute to the observed differences in total cellular O 2
•Ϫ and H 2 O 2 production, we cannot completely eliminate other mechanisms as well. Importantly, activation of NAD(P)H oxidase has also been suggested to be involved in high glucose-induced oxidative stress (11) . Previously, we (14) found that P. leucopus vessels exhibit less expression of NAD(P)H oxidase and lower basal NADPH oxidase activity than vessels of M. musculus. This difference may also contribute to the lower level of total cellular ROS production in P. leucopus tissues. In addition, P. leucopus vessels have been shown to exhibit higher expression of antioxidant enzymes (including glutathione peroxidase and catalase) (14) , which likely also limit oxidative stress in P. leucopus cells.
According to the original formulation of the free radical theory of aging by Harman (26) , the progressive decline in cellular function with age results from the accumulation of oxidative damage to cellular constituents. However, in addition to causing macromolecular "damage," ROS play important signaling roles as well. Accordingly, hypotheses have recently been put forward linking oxidative stress-induced inflammatory signaling processes with the regulation of longevity and development of age-related diseases (for a review, see Ref. 22 ). Accordingly, age-related oxidative stress promotes vascular inflammation in aged laboratory rodents (15, 17-19, 53, 57) . Relevant to our study, high glucose-induced oxidative stress has also been reported to promote proinflammatory phenotypic alterations in cultured endothelial cells (46) . As a corollary of the free radical theory of aging, we predict that if inflammation is detrimental in the vascular aging process, then metabolic stress-induced inflammatory changes should be less pronounced in longer-living species.
Finally, our study shows that arteries of M. musculus overexpress several inflammatory markers (TNF-␣, IL-6, ICAM-1, VCAM, and MCP-1; all of which are known to play a role in accelerated vascular aging in metabolic diseases) in response to high glucose treatment (Fig. 7) . In contrast, arteries of P. leucopus were refractory to the proinflammatory effects of metabolic stress (Fig. 7) . Although protein expression for the inflammatory markers was not assessed, future studies need to determine whether metabolic stress-induced upregulation of protein expression of adhesion molecules and monocyte adhesiveness to the endothelium are similarly attenuated in successfully aging species. Because high glucose treatment elicited less oxidative stress in P. leucopus cells than in M. musculus cells (Figs. 2, 4 , 5, and 7), we would predict that the observed differences in the expression of vascular inflammatory markers are secondary to interspecies differences in ROS homeostasis. This view is supported by a previous study (46) showing that antioxidants can attenuate high glucose-induced vascular inflammatory gene expression. Yet, it is also possible that the same level of oxidative stress would still elicit a blunted inflammatory response in P. leucopus due to the differential activity of anti-inflammatory pathways. This possibility will be tested in future studies. Additional in vivo studies are needed to determine whether P. leucopus arteries are also refractory to the adverse effects of chronic hyperglycemia in diabetes mellitus than M. musculus vessels. It is also important to note that inflammatory cytokines (especially TNF-␣) may also contribute to vascular oxidative stress under diabetic conditions (24, 45) . Whether this positive feedback loop is attenuated in longer-living species is presently unknown.
On the basis of our previous studies (12, 53) on naked mole rats, we hypothesized that increased cellular resistance to oxidative stress may correlate with a slower age-related decline of endothelial function in P. leucopus. To test this hypothesis, we assessed age-related alterations in endothelial function and ROS production in P. leucopus vessels. Endothelial function and O 2
•Ϫ production did not significantly differ between arteries from 3-and 24-mo-old P. leucopus (Fig. 8) , whereas a substantial decline in endothelial function and increases in O 2
•Ϫ production in M. musculus arteries were evident over a similar time interval (Fig. 8B) . These findings may suggest a possible link between mechanisms regulating increased metabolic stress resistance and the slower rate of aging in longer-living species.
Limitations of the study. It is important to stress that comparative biological approaches are widely used by investigators to exploit the 100-fold differences in chronological life span of mammalian species. A variety of cellular studies have been proposed as a means to study long-lived species (4, 20) , e.g., those using cells from extremely long-lived Odontocetes and bats. These investigations have concluded that the assessment of differences in redox homeostasis between successful agers and nonsuccessful agers is best determined by comparing cells of the young adult of each species. This approach can clearly differentiate cellular responses to oxidative challenges when cell health is maximal and degenerative changes due to cellular aging have not become evident (4). Although investigating animals at different points in their life cycle may also be highly informative, these studies are often difficult to conduct in many of the long-lived species due to the lack of availability of aging colonies. We would like to point out that due to the lack of availability of very old P. leucopus, it is impossible at present to obtain functional data on senescent P. leucopus approaching their maximal life span.
Measurement of cellular responses of animals at the same chronological age has also met with criticism in that some investigators believe that differences in cellular responses should be measured in animals of the same relative age (i.e., 3 and 6 mo of age would represent 7% of the maximal chronological life span of M. musculus and P. leucopus, respectively). The key issue addressed in our study is whether cells of M. musculus and P. leucopus, with all other parameters being equal, exhibit differences in resistance to metabolic and oxidative stresses. Therefore, we believe that it is important to compare animals of the same chronological ages. Furthermore, there were no meaningful differences between responses of 3-and 6-mo-old P. leucopus (Fig. 8B) .
Conclusions. Collectively, our findings in the P. leucopus-M. musculus longevity contrast pair corroborate with the predictions of the oxidative stress theory and the mitochondrial theory of aging, suggesting that longevity is associated with increased cellular resistance to metabolic stress-induced ROS production and inflammatory phenotypic changes. One may wonder whether there is an association between genetically inherited factors that promote cardiovascular health and can predict longevity in humans as well. Results from studies by Arking et al. (2) and Atzmon et al. (3) that screened for longevity-associated genes in centenarians appear to support this view.
